OBJECTIVES: To develop a classification tree for predicting the risk of recurrent falling in community-dwelling older persons using tree-structured survival analysis (TSSA). DESIGN: A prospective cohort study. SETTING: A community in the Netherlands. PARTICIPANTS: One thousand three hundred sixty-five community-dwelling older persons (Z65) from the Longitudinal Aging Study Amsterdam (LASA). MEASUREMENTS: In 1995, physical, cognitive, emotional, and social aspects of functioning were assessed. Subsequently, a prospective fall follow-up, specifically on recurrent falls (two falls within 6 months) was conducted for 3 years. RESULTS: The classification tree included 11 end groups differing in risk of recurrent falling based on a minimum of two and a maximum of six predictors. The first split in the tree involved two or more falls versus fewer than two falls in the year preceding the interview. Respondents with two or more falls in the year preceding the interview (n 5 193) and with at least two functional limitations (n 5 98) had a 75% risk of becoming a recurrent faller, whereas respondents with fewer than two functional limitations were further divided into a group with regular dizziness (n 5 11, risk of 68%) and a group with no regular dizziness (n 5 84, risk of 30%). In respondents with fewer than two falls in the year preceding the interview (n 5 1,172), the risk of becoming a recurrent faller varied between 9% and 70%. Predictors in this branch of the tree were low performance, low handgrip strength, alcohol use, pain, high level of education, and high level of physical activity. CONCLUSION: This classification tree included 11 end groups differing in the risk of recurrent falling based on specific combinations of a maximum of six easily measurable predictors. The classification tree can identify subjects who are eligible for preventive measures in public health strategies.
O lder persons fall often. Approximately 30% of the community-dwelling persons aged 65 and older fall at least once per year, and about 15% fall two or more times per year. [1] [2] [3] [4] Falls may have serious consequences, such as injury and disability, that are a major threat to the independence and well-being of older adults. [4] [5] [6] Moreover, fall-related injuries rank as the third leading cause of years lived with disability, according to the World Health Organization report ''Global Burden of Disease.'' 7 As a consequence, the healthcare costs associated with falls and fall-related injuries are high. 8 Because of these consequences, prevention of falls is mandatory. Several studies have shown that intervention strategies have beneficial effects on the risk of falling in community-dwelling older persons, [9] [10] [11] [12] [13] [14] [15] [16] [17] but because of efficiency and cost-effectiveness, interventions should preferably be focussed on older persons with a high risk of falls. 14, 18 Therefore, a strategy to determine which older people are at high risk of falling is needed.
So far, risk profiles to identify community-dwelling older persons at high risk of falling were developed using multiple logistic regression modeling. 2, 3, [19] [20] [21] [22] [23] [24] Despite the great merit of these risk profiles, they have some disadvantages in practice. The assessment is time-consuming because the healthcare provider should measure all predictors of the risk profile. Furthermore, the models might contain complex algorithms such as interaction terms and calculation of a risk score. Moreover, all studies so far have demonstrated that the likelihood of falling increases with the number of predictors present, but these models do not provide information about specific combinations of predictors. Knowledge of these might provide a more purposeful preventive strategy. The present study uses an alternative statistical methodology, called tree-structured survival analysis. This method has been used to predict the probability of survival in patients with coronary heart disease, 25 cancer, 25, 26 and acquired immunodeficiency syndrome. 27 With this method, several groups can be identified by a limited number of predictors and characterized by an empirically estimated risk of becoming a recurrent faller. The results provide an easy classification of subjects and a clear insight in specific combinations of predictors for falls.
The aim of the present study was to develop a classification tree for predicting the risk of recurrent falling in community-dwelling older persons using tree-structured survival analysis.
METHODS

Study Sample
The study was conducted within the Longitudinal Aging Study Amsterdam (LASA). 28 A random sample of older men and women (aged 55-85) stratified by age and sex and according to expected 5-year mortality, was drawn from the population in the west, northeast, and the south of the Netherlands. The baseline examination (1992/1993) was performed in 3,107 subjects. The sampling and data collection procedures have been described in more detail elsewhere. 29 The present study was performed in a subsample of the LASA cohort, consisting of participants who were aged 65 and older as of January 1, 1996, participated in the second data collection cycle of LASA (1995/1996) , and were living in the community (n 5 1,421). Trained research nurses visited the respondents at home. After the second data collection cycle in 1995/1996, a 3-year follow-up on falls was conducted. Informed consent was obtained from all respondents, and the ethical review board of the VU University Medical Center approved the study.
Assessment of Falls
For 3 years, respondents were asked to report their falls weekly on a fall calendar and to mail the calendar page to the research center at the end of every 3 months. Respondents were contacted by telephone if they were unable to complete the fall calendar, if the fall calendar was not returned even after a reminder, or if it was completed incorrectly. A fall was defined as ''an unintentional change in position resulting in coming to rest at a lower level or on the ground.'' 30 
Definition of Recurrent Faller
The choice of the definition of recurrent faller was based on previous research. A study in the context of LASA varied the definition of recurrent falling by varying the time unit in which two falls had to take place and by varying the number of falls per time unit. 31 The stringent definition (at least two falls within 6 months) showed the strongest association between the predictor cognition and the outcome. Other studies by this research group support a greater predictive value of fall risk profiles using the outcome variable ''at least two falls within 6 months.'' [21] [22] [23] 32 Therefore, this definition was adapted for the tree-structured survival analysis. The survival time was defined as the time to the second fall of a pair of falls that occurred less than 6 months apart.
Predictors
During the second data collection cycle of LASA (1995/ 1996) , several aspects of physical, cognitive, emotional, and social functioning were assessed. The predictors for falls were based on a previous study in homes for the elderly in the Netherlands 32 and on literature. 3, 19, 20 Potential predictors for falls were classified into eight categories: sociodemographic characteristics, chronic diseases and medication use, physical impairments and general health, body composition, activity and mobility, psychosocial functioning, lifestyle, and other potentially fall-related predictors. All potential predictors for falls are presented in Table 1 . Predictors that were included in the final classification tree are described in more detail below. (Descriptions of other predictors are available on request from the authors.)
Level of education was assessed by asking the respondent for the highest educational level completed, ranging from primary to university education. The responses were converted into years of education (range 5-18 years). High education was defined as more than 10 years of education. Dizziness was assessed by asking whether the respondent was dizzy regularly (yes/no). The number of falls in the year before the interview was asked retrospectively. Pain was assessed by asking whether the respondent had pain during the last 4 weeks.
Functional limitations were assessed with a questionnaire concerning the degree of difficulty of the following six activities of daily living (ADLs): climbing stairs, walking 5 minutes outdoors without resting, rising from and sitting down in a chair, dressing and undressing oneself, using own or public transportation, and cutting one's own toenails. 33, 34 The scores on these six items were summed to a total score that ranged from 0 (does not have any difficulties with the activities) to 6 (has difficulties with all activities).
Physical performance was assessed using three tests, including the walking test (time needed to walk 3 meters, turn 1801 and walk back), the chair stands (time needed to stand up and sit down five times with arms folded), and the tandem stand (ability to stand with one foot placed behind the other in straight line for at least 10 seconds). 35 For the walking test and chair stands, 1 to 4 points were given corresponding to the quartile of the distribution of time needed. The more time that was needed, the lower the physical performance scores. Subjects who did not complete the test were given a score of 0. For the tandem stand, 0 points were given to those who could not perform the tandem stand, 1 point to those who stood less than 10 seconds, and 2 points to those who stood at least 10 seconds. The three items were summed to a final score (range 0-10). 35 Grip strength was measured using a strain-gauged dynamometer (Takei TKK 5001, Takei Scientific Instruments Co. Ltd, Tokyo, Japan). Respondents were asked to perform two maximum force trials with each hand. The maximum values of the right and left hand were summed and used as the final score. 36 Physical activity was assessed with the validated LASA Physical Activity Questionnaire (LAPAQ). 37 Six ''yes-no''
questions from this questionnaire about the following activities of the previous 2 weeks were used: walking outside, cycling, light and heavy household activities, and two sport activities. The scores on these six questions were summed (range 0-6). Higher scores indicate a higher level of physical activity. Alcohol consumption was assessed by asking the mean number of glasses of alcohol per week. To compare the background characteristics of the non-and once-fallers (n 5 1,028) and recurrent fallers (n 5 337), a t test was used for continuous variables with a normal distribution, a Mann Whitney test was used for continuous variables with skewed distribution, and a chi-square test was used for categorical variables. Ã P o .05. w A recurrent faller was defined as a subject who fell at least two times within 6 months. z Self-reported loneliness was assessed on an 11-point scale (1 5 not lonely to 11 5 very lonely). Participants were considered to be lonely when their score was 5 or higher. MMSE 5 Mini-Mental State Examination; CES-D 5 Center for Epidemiologic StudiesFDepression scale; FES 5 Falls Efficacy Scale.
Data Analysis
Tree-structured survival analysis (TSSA) was used for developing a risk model for recurrent fallers. 39, 40 TSSA is an extension of classification and regression trees 41 to survival analysis. 39, 40 The analysis started with the entire cohort, also called the root node. The root node was divided into subgroups. These subgroups were again partitioned, and a tree-structure was created. The groups that emerged without further splitting were called the end nodes. The predictor that was superior in identifying recurrent fallers during the 3 years of follow-up defined the best partition. To create a tree-structure with binary splits, each predictor was dichotomized (see last paragraph of Data Analysis). To determine the best partition at each node, two KaplanMeier survival curves were created for each dichotomized predictor (see Figure 1) . The log rank statistic compared the Kaplan-Meier survival curves of the two resulting groups. The higher the value of the log rank statistic, the better the discrimination between the groups during 3 years of followup with respect to recurrent falling. Thus, at each node, the predictor with the highest significant value of the log rank statistic was defined as the best partition. According to this method, a large tree was constructed to capture all potentially important splits. Nevertheless, such a tree is statistically uninformative, because the end groups are small (nr5). 42 Alternatively, a tree that is too small cannot predict recurrent fallers well. Therefore, the ''pruning'' algorithm, as previously reported, 42 was used to find the optimal tree size. In short, the values of the log rank statistics of all chosen predictors were placed in decreasing order. The first pruned tree resulted from locating the node in the tree with the smallest value of the log rank statistic and removing all its descendants. The second pruned tree was then obtained by reapplying this process to the first pruned tree. This process went on until all that remained was the root node. Then, the optimal tree was selected by plotting the number of end nodes (x-axis) against the smallest value of the log rank statistic (y-axis) and selecting the tree corresponding to the characteristic kink in the curve. Before the kink, the value of the log rank statistic decreased, whereas the number of end nodes increased.
After the kink, the values of the log rank statistic remained almost the same, and these predictors added no substantial information to the classification tree.
If two or more predictors had (almost) similar values of the log rank statistic, preference was given to the predictor that was easier to measure. The right-side node of each binary split contained the highest proportion of recurrent fallers during follow-up. Cases with missing values on the best splitting variable were sent to the left-side daughter node. Only potential predictors with less than 15% missing values were included. To avoid a power problem (especially in the lower part of the tree), only potential predictors with a prevalence of 15% or more were used for the development of the classification tree. Censored data concerned those in whom the 3-year fall follow-up was discontinued because they died, refused, or had severe physical or cognitive problems.
The cutoff points for cognitive impairment (MiniMental State Examination) and depression (Center for Epidemiologic StudiesFDepression scale) were chosen at a preestablished point 43, 44 and for orthostatic hypotension according to the clinical standard. 45 For continuous and several ordinal variables (chronic diseases, functional limitations, performance tests, physical activity, fear of falling, and loneliness), the cutoff points were specifically determined at each node of the tree. For these variables, the log rank value of the Kaplan-Meier survival curves of different cutoff points was determined at each node. For the continuous variables, the cutoff points of the 20th, 25th, 50th, 75th, and 80th percentiles were determined, whereas for the ordinal variables, cutoff points for every point of the rating scale were determined. The cutoff point with the highest log rank value was defined as the optimal cutoff point. Sex-specific cutoff points were determined for body weight, body height, and handgrip strength because of the substantial differences between men and women. Furthermore, two cutoff points were determined for the predictors age (o75 vs Z75 and o80 vs Z80 years) and the number of falls in the year before the interview (0 vsZ1 and o2 vs Z2 falls). For these two variables, the optimal cutoff point was again determined at each node.
RESULTS
Sample
Of the 1,421 eligible respondents, 56 (3.9%) did not participate in the study; 35 refused, 12 died before the fall follow-up started, eight had severe physical or cognitive problems, and one was lost to follow-up. To check for attrition, the 1,365 participants were compared with the 56 nonparticipants on all variables that were included as predictors with chi-square test or t test (Po.05). After correcting for age, the nonparticipants appeared to live significantly more often in rural areas; to report lower selfperceived health; to have cognitive impairment more often; and to have more functional limitations, lower physical performance, and a lower level of physical activity. One thousand three hundred sixty-five respondents were enrolled in this study: 667 men and 698 women with a mean age7standard deviation (in 1995/1996) of 75.376.4 (range 64.8-88.6). proportion not yet a recurrent faller 
Recurrent Faller
Of the 1,365 respondents, 1,092 (80%) completed all 12 periods of 3 months of the fall follow-up. Three hundred thirty-seven respondents (24.7%; 174 women and 163 men) reported at least two falls within 6 months during the 3-year follow-up and were defined as recurrent fallers. Table 1 shows the characteristics of respondents who reported no or one fall (non-and once-fallers) or at least two falls within 6 months (recurrent fallers) during the 3-year follow-up. With respect to most health-related and other potentially fall-related characteristics, recurrent fallers were significantly worse off than non-and once-fallers.
Within 3 years of follow-up, 460 respondents fell at least two times. Of these, 123 (26.7%) did not fall twice within a 6-month period and were not defined as recurrent fallers. One hundred two of these 123 respondents (82.9%) fell two times, 19 (15.4%) fell three times, and four (3.3%) fell four times within 3 years of follow-up. Of the 337 respondents who fell two times within 6 months and were defined as recurrent fallers, 276 (81.9%) reported three or more falls, and 210 (62.3%) reported four or more falls during the 3 years of follow-up. It can be concluded that the misclassification resulting from the used definition of recurrent falling is limited.
In the first year of follow-up, 143 respondents were defined as recurrent fallers, whereas in the second year, an additional 114 and in the third year, 80 respondents were defined as recurrent fallers. The hazard ratio for recurrent fallers per 100 person years was 10.2 at 1-year follow-up and 11.0 at 3-year follow-up.
The Classification Tree
The classification tree for the 3-year follow-up is presented in Figure 2 . The classification tree consists of 11 end groups, each having a different risk of becoming a recurrent faller. The classification tree shows that a minimum of two and a maximum of six predictors can identify the end groups. The first major split in the tree involved the predictor ''two or more falls'' versus ''fewer than two falls'' in the year before the interview (Figures 1 and 2) . The 54% of the respondents who fell at least two times in the year before the interview became recurrent fallers in the 3 years of followup, whereas 21% of the respondents who fell fewer than two times in the year before the interview became recurrent fallers.
TSSA identified three end nodes for respondents who fell at least two times in the year before the interview (Figure 2) . The group of subjects that had sustained two or more falls in the year before the interview and had two or more functional limitations formed end node I, with the greatest risk (75%) of becoming recurrent fallers in the 3 years of follow-up. Respondents with fewer than two functional limitations were further divided into those who reported dizziness and those who did not report dizziness and formed end group II, with a risk of 68%, and group III, with a risk of 30%.
The respondents who fell less than two times in the year before the interview were further divided into a group that fell one time and a group that did not fall in the year before the interview. Only one end group was identified for respondents who fell once in the year before the interview (end node IV, with a risk of 34%). For respondents who did not fall in the year before the interview, seven end nodes were identified. Respondents who did not fall in the year preceding the interview and scored no or one point on the performance tests formed end node V, with a risk of 42%. End node VII had the highest risk (70%) of this branch. This group was characterized by respondents who had no falls in the year preceding the interview, had a score of more than one on the performance tests, had a handgrip strength of more than 37 kg for women or more than 62 kg for men, drank 18 or more glasses of alcohol each week, were highly educated, and performed three or more physical activities in the past 2 weeks. End node XI formed the most favorable survival group of this cohort, with a risk of 9%. Respondents in this group had no falls in the year preceding baseline, had a score of more than one on the performance tests, had a handgrip strength of more than 37 kg for women or more than 62 kg for men, drank fewer than 18 glasses of alcohol per week, and had no pain. The risk of recurrent falls of the other end nodes (VI, VIII to X) varied between 12% and 28%. In this branch, it occurred once that, at one node, more than one predictor was candidate for the best partition (almost equal values of the log rank statistic). The predictors high level of education and physical activity (Z3 physical activities in the last 2 weeks) had similar log rank values. Figure 3 shows the risk of becoming a recurrent faller and the confidence intervals of the end groups. Figure 3 clearly shows that end group I had the highest risk of becoming recurrent fallers. Furthermore, end groups II and VII also had high risks of becoming recurrent fallers, but the confidence intervals of these end groups are relatively large, because of the small numbers of respondents.
To examine whether the same variables predicted recurrent fallers at a follow-up of less than 3 years, a classification tree was developed at 1-year follow-up (Figure 4) . The first split in the classification tree at 1-year follow-up involved two or more falls versus fewer than two falls in the year preceding the interview. The best split in the classification tree for respondents with two or more falls in the year preceding the interview (n 5 193) was two or more functional limitations versus fewer than two functional limitations. Respondents with two or more falls in the year preceding the interview (n 5 193) and with at least two functional limitations (n 5 98) had a 42% risk of becoming recurrent fallers at 1-year follow-up. The best predictor in respondents with fewer than two falls in the year preceding the interview (n 5 1,172) at 1-year follow-up was grip strength (men o60 kg and women o35 kg, with a risk of 12%, vs menZ60 kg and womenZ35 kg, with a risk of 6%). The classification tree could not be further divided because of the limited number of recurrent fallers at 1-year follow-up. At the left side of the classification tree, respondents with no or one fall in the year before the interview had the same risk of becoming recurrent fallers in the first year of follow-up (Po.05), but after 1-year of follow-up, the risk of becoming a recurrent faller became higher in respondents who reported one fall than in respondents who reported no falls in the year before the interview. 
DISCUSSION
This is the first study using tree-structured survival analysis for the development of a classification tree for the prediction of falling. The results of this 3-year prospective cohort study showed a classification tree of 11 end groups, each having a different risk of recurrent falling. The end groups could be identified with a minimum of two and a maximum of six easily measurable predictors. The definition of the outcome variable was based on previous findings. Predictors appear to be stronger for recurrent fallers (Z2 falls during the study period; often associated with an intrinsic cause) than for once-fallers (incidental falls often associated with an extrinsic cause). 3, 31 When using a follow-up of 3 years, it is possible that a person fell once in the first year and once in the third year. Because these falls occurred 2 years apart, they might be incidental. Therefore, a more stringent definition of recurrent falling is needed. According to previous research (see also Methods section: definition of recurrent faller), predictive values appear to be greater using the outcome variable ''at least two falls within 6 months'' than with less stringent definitions. [21] [22] [23] 31, 32 Therefore, the survival time defined for the treestructured survival analysis was based on the outcome variable at least two falls within 6 months. Additionally, the current study shows that only a few respondents who were not defined as recurrent fallers reported several falls during 3 years of follow-up. Alternatively, the majority of those who were classified as recurrent fallers reported more than two falls during the 3 years of follow-up.
In contrast to the fall risk profiles developed by multiple logistic regression, the classification tree clearly shows specific combinations of predictors identifying the different end groups. Respondents with two or more falls in the year before the interview had other predictors than respondents with one or no falls in the year before the interview. Moreover, in several studies, all respondents with at least two falls in the past year were classified as high risk and were eligible for intervention programs, 18, 46 but from the classification tree it can be seen that not all end groups with at least two falls preceding the interview had a large risk of becoming recurrent fallers; respondents with at least two falls in the year preceding the interview who had fewer than two functional limitations and no dizziness had almost the same risk of becoming recurrent fallers (end group III, risk of 30%) as the total cohort (risk of 26%). For respondents with one fall in the year before the interview, further separation into recurrent and nonrecurrent fallers was not possible. This group probably consisted of relatively healthy respondents (even younger adults can fall sometimes) and relatively frail respondents (who might become recurrent fallers in the future). Additionally, from the classification tree, it can be seen that a small, relatively healthy, active group also had a high risk of falls (end group VII, risk of 70%). This is a highly educated group with a high level of physical activity and moderate to high alcohol use. The combination of alcohol and physical activity may increase fall risk, but risk profiles do not provide information about causal relationships, because no adjustments for relevant confounders were made.
The classification tree also provides practical advantages. First, the number of predictors that the healthcare provider should measure is limited. In the risk profiles developed using multiple logistic regression, all predictors included in the model need to be measured for identifying the risk of falls. However, with the classification tree, not all predictors in the tree need to be measured, because specific combinations of predictors identify different end groups. Few predictors can therefore identify several end groups. For instance, the risk of recurrent falling of respondents who fell at least two times in the year preceding baseline can be determined by additionally measuring only one or two easily measurable predictors. Second, the classification tree does not contain a complex algorithm. No score has to be calculated, because the risk profile gives rise to an end group with a matching risk for recurrent falls. Third, although risk profiles do not provide information about causal relationships, knowledge about the combination of predictors of the end groups might provide a more purposeful assignment of preventive strategies. For respondents from the high-risk end groups I and II, it might be useful to participate in an exercise intervention program to reduce the number of falls or to wear hip protectors to reduce the effect of falls. 47 End group VII (risk of 70%) consists of relatively healthy, active respondents with ''risky'' behavior. In this group, it might be more useful to provide information on risk factors for falls than to assign an exercise intervention program.
Existing risk profiles developed using logistic regression, which included similar predictors for falls, such as falls in the past year, 19, 21 dizziness, 2 and inactivity and impaired mobility, support these findings. In a previous study in the context of LASA, a risk profile was developed with multiple logistic regression in the same participants and using the same data set as the current study. Similar predictors (falls in the past year, dizziness, functional limitations, poor mobility) were found to identify recurrent fallers (Z2 falls within 6 months) compared with the classification tree. 22, 23 Additionally, in the previous and the current study, high levels of education and alcohol use were predictors for recurrent falling, whereas these predictors were not found in other fall risk profiles.
To examine the consistency of the predictors observed at 3-year follow-up, a classification tree at 1-year follow-up was developed. Similar predictors were found for the right side of the classification tree at 1-and 3-year follow-up. In the left side of the tree, minor differences were observed. The predictive values for identifying high-risk end groups of recurrent fallers were lower at 1-year follow-up than at 3-year follow-up, because of the limited number of recurrent fallers at 1-year follow-up. During follow-up, predictors could change values, but a majority of the respondents had no change in predictors after 3 years (data not shown). For instance, 80.7% and 82.7% of the respondents reported similar answers on dizziness and the number of functional limitations after 3 years.
Several limitations of the tree-structured survival analysis and the study need to be considered. First, the fall risk profile was not validated in another population. TSSA may involve a high risk of data fitting. Therefore, the fallrisk profile should be validated in a separate data set before it can be implemented in health care. However, it should be noted that the study was performed in a large sample of older men and women, with a long fall follow-up. Second, TSSA could identify more candidate splits (similar log rank values), and only one predictor is shown in the classification tree. Third, because this classification tree was developed in a group of relatively healthy community-dwelling older persons aged 65 and older, this fall risk profile cannot be generalized to institutionalized people. It should be noted that 3.9% of the eligible respondents (56 of 1,365) could not participate in the current study. Fourth, because the assessment of falls was based on self-report, nondifferential misclassification may have occurred. This may have led to an underestimation of the predictive power. Finally, the consequences of falls were not measured; thus, the risk of injurious falls could not be determined.
In conclusion, the classification tree consists of 11 end groups differing in the risk of recurrent falling in 3 years of follow-up. Moreover, the classification tree clearly shows specific combinations of predictors identifying the different end groups. Because groups with a high risk of recurrent falling can be easily identified with the classification tree, this fall risk profile seems to be a useful instrument in classifying the risk of becoming a recurrent faller in community-dwelling older people. Identification of risk groups can be used for preventive measures in public health strategies.
